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3. ABSTRACT

Miscible-displacement experiments were conducted to examine the impact of

microbial variables (such as cell growth and metabolic lag) on the biodegradation and

transport of salicylate, a model hydrocarbon compound. For each experiment, a soil

column was inoculated with bacteria that contained the NAH plasmid encoding genes for

the degradation of naphthalene and salicylate, and then subjected to a step input of

salicylate solution. Oxygen availability, cell growth, and microbial lag were each

examined to determine their effect on the characteristic shape of the salicylate

breakthrough curve. For all cases examined, the transport behavior of salicylate was

nonsteady. While sparging the influent solution with oxygen increased the total amount

of salicylate that was degraded in the column, it did not influence the shape of its initial

breakthrough behavior. The effect of microbial lag on the shape of the salicylate

breakthrough curve was eliminated in a second substrate pulse by exposing the column to

two successive pulses of salicylate, thereby allowing the organisms to acclimate to the

carbon source during the first pulse. The cause of the lag was further investigated using

succinate, a TCA intermediate that was expected to have minimal metabolic lag. Thus,

any lag effects would most likely be related to physiological lag. A very slight lag was

observed in the succinate breakthrough curve, indicating that physiological lag was

minimal in these systems. This implies that metabolic lag is the primary behavior

observed in the characteristic nonsteady transport behavior of salicylate. Elimination of

microbial lag effects allowed the impact of bacterial growth on salicylate breakthrough to

be quantified.
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4. INTRODUCTION

The presence of hydrocarbon contamination in subsurface soils and groundwater

systems is of widespread environmental concern. The transport and biodegradation of

these compounds is generally studied in an attempt to predict the fate of these

contaminants, to determine the factors that may enhance biodegradation, and to improve

coupled transport and biodegradation prediction models. While such models have

improved significantly in the past few years, they still are not able to incorporate

`nonideal' biodegradation parameters since the effect of nonideality on transport behavior

is not well understood.

Coupled transport and biodegradation models generally assume 'ideal'

biodegradation behavior. These models often make all or some of the following

assumptions; availability of electron acceptors and nutrients is not limiting, substrate is

readily bioavailable (not sorbed, complexed, etc.), biodegradation of the substrate begins

immediately upon contact (no microbial lag), death of biomass is negligible compared to

overall cell counts, and immobility of biomass (Brusseau et al., 1998; Chen et al., 1992;

Wood et al., 1994; Maier et al., 1996; Estrella et al., 1993). The research that is discussed

in this paper addresses the effect of a number of these "nonideal" processes on the

transport of hydrocarbons in saturated, subsurface soil environments. More specifically,

the effects of oxygen constraints, microbial lag, and cell growth were evaluated in a

number of miscible-displacement experiments.
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Transport behavior can be subdivided into 2 types; steady state and nonsteady

state transport. Steady state transport is characterized by flat breakthrough curve, or in

other words, the relative concentration of substrate in the effluent remains constant.

Steady state transport in a system with degrading bacteria can be due to a number of

different parameters, including; inadequate residence time to allow for contact between

the degrading population and substrate, slow specific growth rate of the organism,

biomass population too low for significant growth, substrate concentrations much less

than the half saturation constant (Ks) for that population and substrate, nutrient

limitations, or electron acceptor (oxygen) limitations (Borden et al., 1986; Bouwer et al.,

1994; Brusseau et al., 1995). Conversely, nonsteady state transport is characterized by a

change (usually a decrease) in the relative concentration of substrate in the effluent over

time for a continuous input pulse. Therefore, in systems with degradation, and no

sorption effects, nonsteady transport occurs when the degrading capability of the system

increases (or decreases), thereby changing the amount of the contaminant that may be

transformed.

Classic transport and biodegradation models have attributed the increase in the

degrading capability of the system to bacterial growth, and have incorporated classic

microbial growth kinetic equations to account for growth. Transport models are generally

altered to account for growth by incorporating Monod growth kinetics (Estrella et al.,

1993), or first order growth kinetics. In all of these growth models, the mount of
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contaminant in the effluent of the system decreases with time, assuming there are no

limiting nutrients.

It was demonstrated by Wood et al (Wood et al., 1995) that the transport behavior

observed in a system with growth could be similar to the behavior seen in a system that

has a microbial metabolic lag effect. Although microbial lag is a known microbiological

phenomenon, it is often not incorporated into traditional transport models. This omission

is commonly accounted for, erroneously, by adjusting growth model parameters, or by

assuming growth in systems where contaminant concentrations may not be high enough

to support growth (a common condition at many sites). However, in many systems, both

growth and microbial lag are occurring and contributing to the breakthrough behavior of

the compound.

Microbial lag is a common phenomenon, and it incorporates a wide range of

microbial mechanisms in environmental systems. Depending on the lag mechanism, it

can range over a time frame of seconds to days, and in extreme cases, even longer.

Possible causes of lag in degradation in environmental systems

"include (1) the need to express (develop) the enzymatic pathways to perform a
specific metabolic function; (2) the need to repair cell damage; (3) the need to
build up an extracellular pool of metabolites, enzymes, or other compounds or
elements necessary for growth; and (4) the need for the cell to remove toxicity or
inhibitory materials from the local environment before metabolism can begin.
(Wood et al, 1995)."

In this study, the effects of bacterial growth and microbial lag on the transport of

salicylic acid (salicylate) in flow-through soil column systems were determined.

Salicylate was chosen because it is an intermediate in the biodegradation pathway of
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naphthalene and phenanthrene, common subsurface contaminants, and because its

sorption to sandy soil is negligible. Pseudomonas putida RB1353 was used as a model

microorganism because it is well characterized with respect to salicylate and naphthalene

degradation.

The final process that was examined during this study was the cause of the

degradation lag in the salicylate transport experiments. It has been discussed that

microbial lag can be caused by a number of influences on the system. One likely cause in

our system was a physiological lag, which is defined as recovery from physical stress on

the cells during the packing of the soil column. A second type of lag is metabolic lag.

This type of lag phase is due to the requirement for induction of the genes that encode for

degradation of salicylate. These genes are on a plasmid in P. putida RB1353, and

induction occurs when the salicylate concentration within the cell reaches a threshold

level. Since a significant lag phase was observed for salicylate, the cause of this lag was

investigated by using succinate, a compound that is normally produced and degraded in

the tricarboxylic acid cycle (TCA cycle) during aerobic respiration. As such, a very brief

lag phase was expected for this compound. However, if the cells are under physiological

stress from the packing of the sand colunui or lack of exposure to a food source, typical

cellular functions may even be ceased temporarily as the cells repair themselves, thus

causing a lag in degradation. Based on this reasoning, it was hypothesized that if the lag

is metabolic, succinate degradation would not be subjected to a significant lag, while if

the lag was due to physiological reasons, the lag prior to degradation would be more



significant. Batch and miscible-displacement experiments were performed to test this

hypothesis, and to characterize the lag phase and degradation behavior of succinate.

12
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5. LITERATURE REVIEW

5.1 Introduction

The research discussed in this paper covers a range of typical research areas. The

simultaneous transport and biodegradation of organic contaminants in porous media

systems has only begun to be studied extensively in the last decade, and the

microbiological and hydrodynamic processes that control these coupled systems are not

fully understood. Much of the complications associated with this topic are the wide

variety of factors that are involved, and the fact that these factors are generally studied

separately from each other by researchers from different scientific backgrounds. In an

effort to gain a better understanding of these processes, numerous approaches have been

taken to combine knowledge obtained from research in the areas of hydrology,

microbiology, biochemistry, and civil engineering. This combined approach has proved

to be successful in gaining insight into the importance of hydrodynamic and

microbiological mechanisms and processes on contaminant transport in coupled systems.

More specifically, the impacts of microbial lag, growth, and the mobility of

biomass to some extent, on the transport and biodegradation of organic molecules is the

focus of the research discussed in this paper. These microbiological processes had not

been examined in combination with contaminant transport in laboratory systems.

Additionally, although numerous transport models have been derived to incorporate

biodegradation and growth of bacterial populations, laboratory studies had yet to prove

the existence of this phenomenon. Therefore, an in-depth look at the research that has
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been performed in the areas of contaminant transport and biodegradation, microbial lag,

and bacterial transport has shown the usefulness of this research in the further

advancement of understanding the microbiological processes that impact contaminant

transport and biodegradation.

5.2 Contaminant Transport and Coupled Systems

Contaminant transport and biodegradation began to be extensively studied during

the 1980s. One of the first of these research projects was based on data obtained from the

famous Borden site (Borden et al., 1986), in which a mathematical model was developed

to simulate growth, decay, and transport of microorganisms, as well as the transport and

removal of hydrocarbons and oxygen. The simulation data was then applied to the field

data that had been obtained. The model developed by Borden et al. was based on the 1-

dimensional advection dispersion equation that included linear, instantaneous adsorption.

This equation was then coupled with the Monod growth equation to account for growth

of microbes, and removal of oxygen and substrate. Two primary conclusions were made

from the simulations performed: 1) oxygen will be depleted quickly within a hydrocarbon

plume, thereby reducing the rate of biodegradation, and 2) a large microbial population

will develop adjacent to the plume, where the exchange of oxygen and substrate is

predicted to be significant.

In a second paper, the predictions for the transport md fate of the hydrocarbon

plumes from the model was compared with observed field data from the Borden site
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(Borden et al., 1986). Although the model was accurate at predicting oxygen

concentrations, with errors of less than 1 mg/1 at most locations, it was less accurate at

predicting hydrocarbon concentrations. The model was good for qualitative predictions

of the absence or presence of hydrocarbon at a sampling well, but this may be due to the

accuracy of the transport model and not the coupled biodegradation model. Additionally,

this model may not have been as accurate at predicting hydrocarbon concentrations

because it did not account for the use of alternate electron acceptors by resident microbes,

and due to errors in the actual hydrocarbon concentrations due to sampling technique.

A model to describe the utilization of trace organic compounds in the subsurface

was also developed in this time period, except it was derived from a biofilm model

(Bouwer et al., 1984). This model was based on the assumption that attached bacteria

have more accessibility to flowing substrate, and these attached bacteria form biofilms

where contaminants are degraded. The biofilm model consists of four simultaneous

processes to describe flux of substrate from bulk liquid to the biofilm; the transport of

substrate from bulk liquid across the fluid boundary layer into the biofilm as described by

Fick's 1st 	Monod growth and substrate utilization, diffusion of substrate through the

biofilm as descibed by Fick's P t Law, and growth and decay of the biomass film. This

model is very simplified and does not describe numerous hydrodynamic and

microbiological processes. However, it came to two useful conclusions for future work

in trace contaminant degradation; secondary utilization is needed to degrade compounds

at low levels, and substrate cannot be reduced below a certain level that is needed to
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maintain a bacterial population.

Laboratory column experiments were performed by Kuhn et al. in 1985, in an

attempt to simulate the transport and transformation of trace organics under saturated

flow conditions, and these results were compared with field data. They found that

degradation of the compounds studied (xylenes, dichlorobenzenes, and

tetrachloroethylene) was qualitatively the same in the lab as in the field, i.e., they did or

did not degrade under aerobic or denitrifying conditions in either setting. They also

concluded that the rate constants that were observed in the field were not transferable to

those observed in the field. Finally, substrate utilization increased during the experiment,

so it was assumed that microbial biomass, and or "activity" in the column must have

increased. This activity could be referencing an increase in enzyme activity, and is one of

the first references to this phenomenon in contaminant transport literature.

A broad conceptual model of subsurface contaminant transport with

biodegradation was developed by Kindred et al. (1989), and simulations were performed

to obtain estimates for general behaviors under a variety of biodegradation conditions. It

incorporates aerobic and anaerobic degradation, including several different models for the

anaerobic case. The basic conceptual model incorporates Michaelis-Menten uptake

kinetics, and options to include equations for competitive and noncompetitive uptake

inhibition are available. A first-order growth equation was incorporated by modifying the

term Kd in the advection-dispersion equation. Simulations were conducted for the cases

of aerobic biodegradation, co-metabolism, uptake of multiple organic substrates, aerobic
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biodegradation with nitrate reducing metabolism, and aerobic and anaerobic fermentative

metabolism. This model incorporated a lot of microbial parameters, but it did not

examine contaminant and environmental factors that can cause bioavailability constraints,

and it did not discuss the applicability of general microbial kinetic equations to field

situations. However, the researchers were successful in meeting their goal of providing

improved methods for mathematical simulation of subsurface transport. Additionally,

they emphasized two areas of further research to improve mathematical models, including

the investigation of fundamental mechanisms that determine the effect of microbial

degradation, and metabolic pathways that dominate in a particular degrading system to

estimate kinetic parameters.

A detailed, and less general, model for transport and biodegradation was

developed to simulate the simultaneous biodegradation of benzene and toluene in

subsurface environments, and computer simulations were compared with data from

laboratory column experiments (Chen et al., 1992). The model is based on the advection-

dispersion equation. This equation was coupled with equations to account for 1) mass

exchange for two components between the constituent phases of solid, liquid, gas, and

biomass, 2) biotransformation of two components, 3) utilization of two electron

acceptors, and 4) microbial biomass production for two degrading populations (using the

Monod growth equation). They found that behaviors predi 'ted by this model are strongly

dependent on the microbial parameters of initial biomass concentration, half saturation

coefficient, and the maximum specific substrate utilization rate. For comparison of the
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simulations with column data, microbial parameters were estimated independently of

column studies from batch studies, aquifer slurry studies, or from literature. The

simulations were fairly good at predicting behavior, but the values for the microbial

parameters had to be adjusted to provide a best fit of the model. This same column data

was modeled a few years later by Wood et al. (1995), and a term for microbial lag was

added. The fit appeared to be better when the microbial lag term was added, without

adjustment of the microbial parameters.

Batch and column experiments similar to those performed by Chen et al. were

performed at the University of Arizona to determine the fate and transport of 2,4-

dichlorophenoxyacetic acid (2,4-D) in saturated and unsaturated systems, and the

biodegradation rate parameters for batch versus column systems were compared. It was

demonstrated that the lag phases for 2,4-D biodegradation were similar under batch and

column conditions, suggesting that batch experiments may be predictive for this

parameter, but possibly not for other parameters. A transport model incorporating growth

kinetics and sorption was applied to the data from the column experiments, and the

biodegradation rate parameters of the half saturation constant and maximal growth rate

were optimized to obtain a better fit. However, these optimized values were much higher

than the values that were estimated from batch studies. From this discrepancy, it was

concluded that the values determined for these parameters in batch were not appropriate

for column experiments because of the different conditions (e.g., mixing, aeration,

solid/water ratio) associated with the two systems and the resulting impact that these
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processes have on biodegradation. However, it was not apparent that the model that was

used to describe transport and biodegradation in the soil column incorporated microbial

lag effects, although the presence of a lag was noted. It is possible that the inclusion of

this process in the model would produce a model with a better fit and rate parameters

closer to those observed in batch.

In an attempt to further model the data obtained in the experiments above for 2,4-

D, a mathematical model was developed by Maier et al. (1997) and simulations were

compared with laboratory data. The mathematical model is meant to describe the

transport and biodegradation of 2,4-D in the presence of acclimated bacterial populations

(eliminating lag effects). The mathematical model includes equations for Monod growth,

except at high initial substrate concentrations when the Haldane model was used to

incorporate inhibition and cell death, stationary cell mass, and 1-dimensional advection-

dispersion with linear sorption. This model was applied to the laboratory column data,

and a best fit was determined from which microbial parameters were calculated. The

value estimated from this fit for cell yield was lower than that observed in batch, and the

value estimated for the half saturation constant was larger. The researchers in this study

suggested the following improvements to the model; introduction of oxygen availability

to the model, incorporation of a nonequilibrium model of adsorption, and introduction of

a model for cell mass loss. The incorporation of a cell mass loss term could

simultaneously account for mass loss due to cell death and due to mass transport of cells

out of the system.
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The effect of sorption on the biodegradation of alkylbenzenes in a transport

system was first investigated in 1992 (Angley et al., 1992), and the effectiveness of a

transport model that incorporated both of these phenomena was evaluated by comparing

simulations with results from miscible-displacement experiments. The model that was

developed was based on the 1-dimensional advection-dispersion equation coupled with

rate-limited linear sorption, and first-order degradation (i.e., no growth). It was assumed

that there was no acclimation period, and that biodegradation of compounds was only

from solution. The model accurately predicted transport behavior, and it was concluded

that the assumptions for biodegradation behavior were correct. First-order

biodegradation is most likely a good assumption for this type of system because sorption

of a compound significantly limits its bioavailability, such that the concentration of the

compound in aqueous phase is often too low to support growth. This phenomena was

discussed in more detail by Brusseau et al. (1998).

The effects of nonlinear sorption on biodegradation was investigated in an effort

to further understand the impact of the coupled processes on the transport and fate of

contaminants. A mathematical model was derived that was identical to the model by

Angley et al. (1992), except that it incorporated nonlinear, rate-limited sorption as

described by the Freundlich isotherm (in general, S=KfC"). Simulations performed using

this model demonstrated that a linear sorption model cannot accurately simulate transport

and biodegradation for solutes that have n<0.9 (in the Freundlich isotherm equation).

Nonlinear sorption decreases the amount of a compound in solution that is available for
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biodegradation, and causes it to take much longer to remediate a site, in terms of time and

pore volumes. This effect is also true for rate-limited sorption.

Residence time effects on biodegradation in transport systems was examined by

researchers at Cornell University (Kelsey et al., 1995). They investigated the effect of

varying flowrate and path length on the biodegradation of p-nitrophenol (PNP), and its

transport through unsaturated soil columns. The concentration of PNP in the effluent was

shown to increase to a maximum, and then decrease over time. After 3-4 days, all of the

PNP that was being pulsed into the column was degraded during transport through the

porous media. The concentration of PNP in the effluent was found to decrease as the

flow rate was reduced, or the path length was increased. This was assumed to be due to

an increase in the contact time between the compound and the degrading population.

When all of the PNP was being degraded in the column (after 3-4 days), all of the

organisms were found to be in the top 1/4 of the column. The reason for this was not

known, however, if all of the PNP is being degraded in the top 1/4 of the column, the

population in the bottom 3/4 of the column may have died and been flushed out due to a

lack of substrate.

In an effort to improve coupled biodegradation and transport models, the

conditions under which steady state versus nonsteady state transport is observed were

investigated (Brusseau et al., 1998). In other words, a methodology was derived to

determine when the transport equation should be coupled with linear or 1' order

biodegradation, or when the nonlinear Monod equation for growth should be used to
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incorporate an increase in substrate demand by microorganisms over time. A numerical

model was applied to obtain simulations for coupled transport and biodegradation, and

the type of transport behavior that was observed was noted. This model includes 1-

dimensional steady-state flow, and advective and dispersive solute flow coupled with

linear, instantaneous sorption, nonlinear biodegradation, biomass growth and decay, and

electron acceptor availability. Additionally, it assumed that substrate is bioavailable,

utilized from the solution phase only, and that biomass is immobile.

Three controlling dimensionless parameters were identified from the

nondimensional form of the coupled equations, and these parameters incorporate

hydrodynamic and microbial variables. Simulations showed that nonsteady transport

behavior was observed when the input substrate concentration was larger relative to the

half saturation constant, because in these cases the specific growth rate was closer to the

maximal specific growth rate. Also, at higher initial biomass concentrations, the increase

in substrate was more significant (and nonsteady transport was achieved more rapidly),

because the same relative increase in biomass causes a much larger absolute change in

cell numbers. However, if the initial biomass concentration was too high relative to the

input substrate concentration, there was not be an appreciable relative increase in cell

numbers, and steady state transport was not observed. Finally, as the maximal growth

rate or residence time (contact time) increased, simulations showed that the substrate

demand increased.

Transport and biodegradation of an organic compound (quinoline) in a 2-layered
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porous media system were studied and used to generate a mathematical model for the

microbial kinetics involved (Wood et al., 1994). Models for the microbial kinetics were

desired to describe the rate of change of the organic compound and oxygen, so these rates

could then be incorporated into a 2-dimensional numerical model for flow and transport.

It was concluded from the simulations that in some cases, it is not necessary to explicitly

model mass transfer between the aqueous and biomass phase, and a single phase model is

adequate. Also, the inclusion of metabolic lag proved to be very important in the

performance of the model. This research was the first to incorporate lag effects and

discuss their impact on predicting transport and biodegradation behavior.

As a follow-up to their findings in 1994, Wood et al., developed a model to

account for microbial metabolic lag in subsurface systems with contaminant transport

(Wood et al., 1995). This advection-dispersion transport model assumes that there is a

mobile, aqueous substrate phase, there is an immobile biomass phase, all microbially

mediated reactions take place in the immobile biomass phase, biofilms are fully

penetrated, the area covered by the microbial phase is proportional to microbial mass, and

transport between the mobile and immobile phase can be described by linear diffusion.

Simulations using this model were applied to the lab data obtained by Chen et al. (Chen

et al., 1992) and it was successful in obtaining a better fit than the model proposed by

Chen et al., that did not include lag effects. In addition to these findings, simulations

from this model showed that lag can change the distribution of biomass produced in the

system, and the overall biomass values were higher if there was no lag. Biomass
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production at interior points if metabolic lag occurs, however, because a larger mass of

substrate can be transported to interior points before degradation commences.

5.3 Microbial Lag

Bacterial growth is characterized by 4 phases or stages, the first of which being

the lag phase. "During the lag phase, there is no increase in cell numbers (Atlas, 1988)."

The cells are active during this phase, but they are preparing for cell reproduction by

repairing any cell damage, and synthesizing DNA and enzymes needed for utilization of a

food source and for cell division. When a bacterial cell is exposed to a new nutrient, "its

assimilation is achieved by cell production of new enzymes (Bailey and 011is, 1986)."

The time required for the production of new enzymes to break down the new food source,

among other things, causes a lag in biodegradation of a compound. In an environmental

setting, the causes of lag can be numerous, as discussed in this paper. Previous batch

studies have shown that the biodegradation by Pseudomonas putida strain RB1353 is

preceded by an approximate 5-hour lag at the cell population densities and substrate

concentrations being used for the experiments discussed in this paper (Neilson, 1998).

Lag times were found to be affected by the initial substrate concentration and the initial

population density in solution. Lag times decreased with increasing population densities,

and increased with increasing substrate concentrations (Neilson, 1998).

5.4 Biodegradation of Salicylate by Pseudomona putida RB1353
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P. putida RB1353 is a strain of P. putida that contains the NAH plasmid. This

plasmid is composed of genes that encode for catabolism of naphthalene and/or

salicylate, as well as a lux construct for bioluminescence upon activation by salicylate

degradation and an antibiotic resistance marker gene (Burlage et al., 1990). In batch

systems, a lag between degradation of naphthalene/salicylate and light production was

observed (Burlage et al., 1990, and Neilson et al., 1998). The bioluminescent reaction

was determined to require molecular oxygen as a substrate (Hill, 1993), thereby creating

another oxygen demand in the biodegradation system utilizing P. putida RB1353.

5.5 Bacterial Transport

Bacterial transport has become a popular research topic in recent years. This

popularity is primarily attributed to the desire to be able to predict the transport of

pathogens and parasites from wastewater into groundwater supplies, and to optimize

introduction of particular laboratory isolates and genetically engineered microorganisms

(GEMS) to subsurface environments. In contaminant transport and biodegradation

modeling, bacteria are generally considered to be immobilized by adsorption to the sand

or soil matrix. However, the results obtained from the research presented in this paper

demonstrate that this may not always be a good assumption in the presence of a substrate

pulse. The research discussed below examines the various hydrodynamic and

microbiological effects on bacterial transport that have been investigated in the past, and

demonstrates the need for more research in this area, in order to determine when bacterial
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transport can be neglected in coupled transport and biodegradation systems.

At the University of Arizona, miscible-displacement studies were conducted by

pumping a calcium-phosphate buffered bacterial cell solution through silica sand to

determine the degree of bacterial transport through this medium (Kinoshita et al., 1993).

Of the two strains studied, neither Pseudomonas fluorescens or Bacillus subtilis were

efficiently transported through the silica beads. The attachment of P. fluorescens to the

sand was greater as pH increased from 5.5 to 7.0, but then decreased above a pH of 7.0.

This transport system is comparable to the one presented in this paper, except for a lack

of a substrate pulse.

Sorption effects on bacterial transport under 'typical' groundwater velocities and

at different transport distances was investigated by studying the transport of Klebsiella

o:cytoca through saturated silica sand in columns of 3 different lengths (Hendry et

al., 1997). The results from this research led to the conclusions that reversible sorption is

independent of the transport scale, but the degree of irreversible sorption increased with

increasing transport scale. In all cases, the bacterial breakthrough curve was

characterized by tailing, and the pulse broadened with increasing transport scale.

Visualization of the sand showed that bacterial coverage was less than 0.5% of the

available surface area. Additionally, Hendry et al. discussed that bacterial transport may

also depend on microbial growth, death, starvation, predation, straining, sorption,

motility, chemotaxis, dispersion, diffusion, and advective flow. Many of these other

effects have been or are currently being evaluated.



27

The effect of bacterial cell shape on transport of bacteria in porous media was

investigated by comparing the transport of 14 bacterial strains of different sizes and

shapes (Weiss et al., 1995). In general, it was demonstrated that the shape of the cells

changed as they passed through the porous media to obtain more of a spherical shape,

which is thought to be transported more easily. The eluted cells for 12 of the 14 strains

were more spherical than the cells in the influent solution had been.

The effect of saturation on the transport of bacteria has been more widely

discussed then other effects. In a qualitative study, the effects of water saturation and

surfactants on bacterial transport in sand columns was investigated, by comparing

behavior in saturated systems versus unsaturated systems (Powelson et al., 1998). The

numbers of bacteria in the effluent were less, and the breakthrough of bacteria was

delayed in unsaturated systems compared to saturated systems. It was proposed that an

increase in bacterial retention in unsaturated systems may be due to bacterial adsorption

to gas-water interfaces, or an increase in flow tortuosity in unsaturated conditions due to

drainage of larger pores first. Additionally, the addition of a surfactant to the influent

was found to increase cell elution if it was applied with the cell pulse and during cell

flushing, but not if it was applied only during flushing. This behavior suggests that the

surfactant reacts with the cell surfaces to lower their adsorption to gas-water interfaces in

unsaturated sand.

In a more qualitative study, the effect of various water saturation levels on

bacterial transport was tested (Schafer et al., 1998). Overall, the retention of both
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hydrophobic Rhodococcus sp. C125 and mesohydrophilic Pseudomonas putida mt2

increased with decreasing water saturation levels. Using the laboratory data obtained for

comparison, an attempt was made to model this behavior was based on a mechanistic

model that takes into account accumulation of bacteria at the air-water interface, and the

available surface areas of both the solid and the air-water interface at different levels of

saturation. The model was able to predict bacterial transport behavior, except in long

term experiments.

The effectiveness of using endospores as tracers to characterize transport of

sewage microbes through preferential flow paths in an alluvial ground water aquifer was

studied by Pang et al. (1998). The transport of Rhodamine WT dye and Bacillus subtilis

endospores was compared at a field site under natural gradient flow conditions. These

endospores were studied because they can survive a long time in the subsurface, and they

act as predictors of where bacterial contaminants will end up (determine their flow path).

B. subtilis endospores exhibited slightly faster velocities and lower longitudinal

dispersivities than the dye. It was assumed from this that convection is more important

for endospores than for dye due to pore size exclusion.

In a recent study by Camesano et al., (1998), the effects of fluid velocity on the

transport and retention of motile and nonmotile cells in porous media was examined.

Results indicated that for nonmotile cells, the fractions of cells retained in the porous

media increased as pore water velocity decreased (due to more collisions with the porous

media as predicted by colloid filtration theory). Motile cells, however, were found to



29

follow the opposite trend, and retention of cells decreased ,iith decreasing velocity. It

was therefore concluded that motility of cells allowed them to avoid sticking to the

porous media at low velocities, but at high velocities, motility did not reduce attachment.

The transport of bacteria was studied in combination with the transport and

biodegradation of phenanthrene under unsaturated conditions by researchers at Cornell

University (Devare et al., 1995). Their objective was to determine the ability of a

phenanthrene-metabolizing Pseudomonas sp. to transport and degrade phenanthrene in

previously contaminated soil under unsaturated conditions. They found that the top 0.4

cm of the sand and soil that contained phenanthrene experienced complete mineralization

of the compound, but no degradation at all below that level when water flow was only

intermittent. Rapid mineralization occurred throughout the soil or sand if water flow was

constant. Also, it was determined that only 1% of the added cells in the soil, and 4% of

the cells added to the sand eluted from the columns after 1.5 pore volumes.

Contaminant transport and biodegradation, and bacterial transport have been

studied extensively in recent years, and many of the mechanisms that control these

processes have been elucidated. The microbiological procsses of metabolic lag,

bacterial cell growth, and bacterial transport have yet to be incorporated into one model,

and their relative importance in field situations has yet to be determined. However, a

greater understanding of their effect on transport behavior in the laboratory may lead to

improved models for the future.
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6. MATERIALS AND METHODS

6.1 Materials

The porous medium used in this study was 20/30 mesh Accusand sand. This sand

was packed into a 15 cm long glass column, manufactured by Kontes, and teflon tubing

from the same manufacturer was used to connect the column to the influent and effluent

reservoirs. Radiolabeled "C-succinic acid with a measured specific activity of 8.6

mCi/mmol was purchased from Sigma Chemical Co., St. Louis, Mo. The levels of

radiochemical purity were > 99%. Additionally, the other chemicals used in this study

(succinate and salicylate) were purchased from Sigma Chemical Co., St. Louis, Mo.

Pseudomonas putida strain RB1353, that contains the nah plasmid for degradation of

napthalene as well as an antibiotic resistance marker, was used for all degradation studies.

This bacterial stock was kindly provided by Dr. R. Burlage ORNL, at the Center for

Environmental Biotechnology at the University of Tennessee.

6.2 Methods

Miscible-displacement experiments were to quantify growth, demonstrate the

effect of microbial lag, and identify the effect of oxygen constraints on a coupled

transport and biodegradation system (Table 6.1). All system components and materials

were sterilized prior to each miscible-displacement experiment to eliminate

biodegradation by unknown microbes. The sand was autoclaved for 60 minutes to

sterilize it before inoculation, and serial dilutions of the sterilized sand were performed to
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insure that the medium was sterile. The 'plumbing' of the system, and other components

that cannot withstand autoclaving, were sterilized by flushing with or soaking in a 2%

bleach solution for a minimum of 30 minutes, followed by a 30 minute flush of sterile

0.01% No thiosulfate solution to neutralize the bleach, and then a 1 hour sterile distilled,

deionized water (ddwater) rinse. All glassware and solutions were sterilized by

autoclaving, except for the salicylate and succinate solutions. These substrate solutions

were filter sterilized to preserve the correct concentration of solution.

The sand was inoculated at levels of 107 cfu/g dry soil with a solution of P.

Putida RB1353 by dripping the cell solution onto the sand in a sterile tray, and mixing

the two until all of the sand was inoculated. This population density was achieved by

inoculating 200 g of dry soil with 10 ml of a cell solution of an approximate bacterial

concentration of 10 8 cells/ml. The population density in the sand before and after the

miscible-displacement experiment was tested by plating dilutions from 1 g of soil.

The sand was packed into the glass column under a laminar flow hood using

aseptic techniques. Once packed, the column was connected to a piston displacement

pump via teflon tubing. The flowrate of the pump was adjusted and calibrated to a rate of

0.3 ml/min before it was connected to the column. For all experiments, except for a

control, a mineral salts medium (MSB) was pumped through the column for

approximately 22 hours (or 15 pore volumes). This was followed by a 24 hour (or 17 pore

volume) pulse of substrate solution (20 mg/L), which was also made in MSB. During the

miscible-displacement experiment, effluent samples were plated on nutrient agar (Lurea
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Broth with Kanamycin) to obtain a cell elution curve, and provide an overall mass

balance on cells eluted from the column.

Likewise, a substrate breakthrough curve was obtained for either salicylate or

succinate by determining substrate concentrations in effluent samples. Effluent samples

were collected continuously (at a rate of 1 sample every 20 minutes) in culture tubes

using a fraction collector. After collection, in the case of both compounds, a subsample

of 1.5 ml was spun down in a microfuge tube and the supernatant was analyzed by the

respective methods. For salicylate, a 1.5 mL sample from each fraction was analyzed

using a UV spectrophotometer at an absorbance wavelength of 296 nm, subtracting the

absorbance of the MSB solution from these measurements. For succinate, the effluent

from the column was collected in culture tubes that contained 40 ul of concentrated

hydrochloric acid, thereby making a solution with a final pH of less than 2. This acidic

solution killed the bacterial cells in solution, preventing further degradation of succinate

after it exited the column, and also purged the solution of "C CO 2 that was a by-product

of the succinate degradation. Samples were then centrifuged for 10 minutes at 10,000

rpm to pellet the cells. A 1 mL sample of the supernatant was analyzed for radioactivity

using a Liquid Scintillation Counter Model 1600TR, manufactured by Packard

Instrument Company.

Final cell counts in the column, following the miscible-displacement experiments,

were obtained to estimate total counts and cell distribution within the column. Samples

were taken from both ends of the column and two sections 1/3 of the way into the column
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(in duplicate at each location for most of the experiments). Approximately 1.3 g of wet

sand from the column was added to 9.5 ml of sterile saline, and serial dilutions of these

samples were plated in triplicate on nutrient agar.

Growth estimates were obtained by quantifying the numbers of cells (in CFU/ml

or CFU/g dry soil) eluted from the porous medium during the experiments, initially

packed into the sand column, and remaining in the column following the miscible-

displacement experiment. For each sample collected, three nutrient plates were counted

and an average cell count was calculated.

The overall number of cells eluted was determined by integrating under cell

elution curve. Additionally, a 95% confidence interval for this integrated value was

obtained by adding and subtracting two standard deviations (this value was computed for

the three plate counts for each sample) to/from the average cell count for each sample.

This yielded two cell elution curves that delineated the 95% confidence interval for the

average curve, and the maximum and minimum numbers of eluted cells for this level of

confidence was determined by integrating under these respective curves.

Cell counts in the sand were obtained from samples of the inoculated sand prior to

and following the miscible-displacement experiment. Two or three samples from the

sand were plated in triplicate (to provide six or nine total plate counts) immediately

following inoculation from the homogeneous sand. These plates were counted and an

average cell count, as well as a standard deviation of these counts, was calculated. A

95% confidence interval for this average count was obtained by adding and subtracting
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two standard deviations two/from the average value calculated for all of the plate counts.

The average, maximum, and minimum cell numbers (in CFU/g dry soil) were then

multiplied by the weight of dry soil that was packed into the column to determine the

overall cell numbers initially present in the sand column. Following the miscible-

displacement experiment, the bacterial cell distribution in the sand was no longer

homogeneous. Therefore, the average cell number and standard deviation for the

triplicate plates of each sample was determined separately at every sampling location. A

maximum and minimum value for the 95% confidence interval was then calculated for

each sample, and these values were averaged to obtain an "average" value for the

average, maximum, and minimum number of cells remaining in the column. This

assumes that the bacterial cell distribution in the column decreases linearly with respect

to distance from the column influent.

The total number of cells at the end of the miscible-displacement experiment was

then calculated by adding the average values for the numbers of cells eluted and the

numbers of cells remaining in the porous medium. This value was used to compute an

approximate value for the percent increase in cell numbers during the experiment (a

growth estimate) by subtracting the initial average cell numbers from the final total cells,

and dividing this number by the initial average cell numbers.
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TABLE 6.1: Summary of Experiments Performed

Experiment Substrate Inoculated

with Cells

Oxygen

Sparged

# of 24 hour

substrate

pulses

Cells pre-

exposed to

substrate?

1 Salicylate No No 1 No

2 None Yes Yes 0 No

3 Salicylate Yes No 1 No

4 Salicylate Yes Yes 1 No

5 Salicylate Yes Yes 1 Yes

6 Salicylate Yes Yes 2 No

7 Succinate Yes Yes 1 No
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7. RESULTS AND DISCUSSION

7.1 Preliminary Miscible-Displacement Experiments

A number of column experiments were conducted to determine the effects of

various biodegradation/microbial parameters on the transport and degradation of

salicylate within the system described above. Initially, control experiments were

performed to isolate substrate transport behavior from bacterial growth and elution

behavior in uncoupled systems. The first of these control experiments was a sterilized

sand column in which a step input pulse of salicylate was pumped through the sand

column and a breakthrough curve was obtained. These results (Figure 7.1) showed that

salicyate had a retardation coefficient of approximately 1.04. Additionally, all of the

salicylate mass was conserved under these sterilized conclik:ons. In the second

preliminary experiment, the system was inoculated with cells as in all of the other

degradation experiments, but there was no salicylate pulse to potentially stimulate growth

of the bacteria. Despite the lack of substrate, there was an increase (28%) in the average

overall cell numbers throughout the course of the experiment. However, the 95%

confidence intervals between the final and initial cell counts overlap, and growth in this

experiment cannot be assumed (Table 7.1). The elution curve for the bacteria was

characterized by an asymptotic shape, that reached a minimum of approximately 10 5

CFU/ml efluent (Figure 7.2).

These two preliminary control experiments were essential for determining the

transport and bacterial elution behavior in uncoupled systems. From the above
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experiment in which an input pulse of salicylate was pumped through a sterilized (and

uninoculated) column, transport behavior of salicylate in the absence of degrading

bacterial cells was observed. Salicylate transport was compared with that of PFBA, a

non-sorbing tracer, and their behavior was almost identical. Additionally, the normalized

concentration of salicylate in the effluent as compared to that in the influent maintained a

constant value of 1.0, demonstrating that salicylate was not being degraded as it traveled

through the sand column. The control column whereby bacterial cell elution alone was

monitored was necessary to observe overall bacterial cell growth in the column in the

absence of substrate. It was shown that cell elution occurs even in the absence of

substrate, but once the system reached asymptotic levels, the number of CFUs/m1 efluent

was 1-2 orders of magnitude lower than the number of CFU/ml in columns that were

exposed to a substrate pulse, as will be shown below.

7.2 Miscible-Displacement Experiments

An initial miscible-displacement experiment combining degradation and transport

was performed following the two control experiments. A single salicylate pulse was

pumped through the sand column, and the transport behavior of salicylate was nonsteady,

as shown in Figure 7.3. The unusual shape of the breakthrough curve in this experiment

led to more questions concerning the processes that may be occurring in the system.

Initially, there was no apparent degradation of salicylate occurring in the soil column, and

all of the salicylate that was pumped into the column emerged from the column.
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However, after approximately 3 hours (1.5-2 pore volumes), the rate of salicylate

degradation began to increase, causing a sharp, nonlinear decrease in salicylate

concentration in the column efluent. Another change in the salicylate transport behavior

was observed after 8 hours (6 pore volumes), where steady state transport conditions were

observed. There was an increase (75%) in the average number of bacterial cells in this

experiment, and no overlapping of the 95% confidence intervals between the initial and

final total cell counts (Table 7.1).

The breakthrough curve in this initial column experiment demonstrated nonsteady

transport behavior for the first 8 hours, but then steady state transport was observed. The

genes that encode for degradation of salicylate by P. putida strain RB1353 is on a plasmid

construct containing the lux operon responsible for luminescence. The lux genes are

induced upon salicylate degradation causing their activation to be delayed with respect to

salicylate degradation (Neilson, 1998, and Burlage et al., 1990). Furthermore, the

luminescent reactions are also oxygen dependent (Hill et al., 1993). It is therefore

possible that oxygen became limiting due to the secondary oxygen demand imposed by

the lux construct. Other potential causes of steady state transport (as described in the

introduction) were not probable, due to the fact that the system was demonstrating

nonsteady transport behavior for the first 8 hours, and all other parameters were held

constant throughout the experiment. Finally, dissolved oxygen levels in the effluent were

tested and initially were found to be approximately 5 mg/1 during nonsteady transport,

and then levels dropped to 2-3 mg/1 once steady state transport was observed.
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In a second coupled miscible-displacement study, the substrate reservoir was

sparged with oxygen to eliminate oxygen availability constraints within the system. The

salicylate pulse was not degraded initially, and as in the previous experiment, the amount

of salicylate in the effluent decreased rapidly after a four hour lag period (2.5 pore

volumes). Salicylate transport behavior differed significantly from the unsparged column

in that the remaining pulse was completely degraded as it traveled through the inoculated

sand (Figure 7.4). Oxygen levels in the column effluent were monitored throughout the

duration of this experiment as well, and they never dropped below 5 mg/l. This

monitoring was done to insure that oxygen was not limitin;. A significantly larger

percentage of the salicylate input pulse was degraded under oxygen sparged conditions,

corresponding to a 386% increase in average total bacterial cell numbers over initial cell

counts for this particular miscible-displacement experiment (Table 7.1). The 95%

confidence intervals between the initial and final total cell counts were far from

overlapping (Table 7.1).

When ample oxygen was available in the system, nonsteady transport was

observed throughout the salicylate pulse. However, the initial spike in the breakthrough

curve to a relative concentration of C/Co = 1.0 that signifies a lag in degradation of

salicylate was still observed (Figure 7.4). There are two plausible explanations for this

transport behavior. One explanation is that the initial cell population was too low to

degrade a detectable amount of the salicylate. However, following the 4 hour lag period,

growth effects became significant and degradation, as well as nonsteady transport
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behavior, were observed. An alternative explanation is that initially bacteria are in a

microbial lag phase of their degradation potential and as they become acclimated to

salicylate and soil conditions (after 4 hours of exposure), degradation of salicylate

increases exponentially. Batch experiments with P. putida RB1353 confirm a 4-5 hour

lag phase under similar conditions of bacterial cell population density and substrate

concentration (Neilson, 1998).

The lag in degradation of salicylate was further investigated. It was hypothesized

that lag could be eliminated by pre-exposing cells to salicylate. In the first attempt to

eliminate the lag effect, the single pulse, oxygen sparged miscible-displacement

experiment was performed as described previously, except that the bacteria were exposed

to, and degraded, a 20 mg/1 salicylate solution prior to packing them into the column.

This pre-exposure produced no visible effect on the transport and biodegradation

behavior of the system. Although the cells had been pre-exposed, this exposure was

followed by a 24 hour pulse of a mineral salts medium (je., no salicylate) through the

inoculated soil column. It was therefore hypothesized that the time between exposure to

salicylate and induction of the salicylate degrading genes was too long, and thus required

a metabolic lag.

A double pulse miscible displacement experiment was designed in a second

attempt to eliminate the degradation lag. It was identical to the single pulse, oxygen

sparged experiment, except that the first pulse of salicylate was completely flushed out of

the soil with a two pore volume pulse of MSB, and then a second pulse of salicylate was
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pumped through the column. The transport behavior of the first pulse of salicylate was

identical to the behavior observed in the single pulse experiment. However, complete

degradation of the substrate was observed for the duration of the second input pulse

(C/Co remained at approximately 0 for the entire pulse, Figure 7.5). Thus the lag was

eliminated. When this experiment was repeated using a slightly lower biomass, the

salicylate concentration in the efluent of the second pulse peaked initially at only 40% of

its input concentration, and then began to slowly decline in a linear fashion (Figure 7.6).

In both of these experiments, there was no observable lag in the degradation of salicylate

in the second substrate pulse. Nonsteady transport behavior was achieved immediately

from the time of the initial exposure to the substrate. The absence of the lag in salicylate

metabolism is evident from the difference in bacterial elution behavior observed in the

first pulse compared to the second pulse. The number of cells eluted increased

immediately upon contact with the second input pulse, whereas, in the first pulse there

was a noticeable lag in time between substrate exposure and an increase in the number of

cells eluted. There was an approximate 200% increase in cells over the duration of the

double pulse experiment that was performed at a higher biomass (shown in Figure 7.5).

The cause of the microbial lag was the final variable in this system. As discussed

previously, there are a number of potential causes for microbial lag in biodegradation

systems. In this case, the most probable causes for lag were proposed to be either

metabolic, due to induction of the degrading gene, or physiological due to stresses put on

the cells during packing and saturation. The purpose of the final experiment was to
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determine the most probable cause of the lag observed in this system. Succinate (a TCA

cycle intermediate) was chosen as the substrate for this miscible-displacement study. It

was chosen because it is a TCA cycle intermediate, and it was therefore hypothesized that

there would be only a slight metabolic lag associated with this compound. This was

confirmed in batch studies where succinate degradation by P. putida RB1353 was rapid

following an almost negligible (20 minute) lag period. Additionally, it was assumed that

a physiological lag effect, due to packing and saturation, on degradation of a compound

would be independent of the compound that was being investigated.

A single pulse, oxygen sparged miscible-displacement study was conducted with

a 20 mg/1 succinate solution following the same protocol as that used in the salicylate

experiments. Biodegradation of succinate was almost immediate in the column, as is

apparent from breakthrough behavior for this compound (Figure 7.7). The relative

concentration of succinate in the column efluent initially increased to a value of C/Co

equal to 0.1, and succinate degradation was almost complete throughout the duration of

the succinate pulse. This resulted in a corresponding 90% increase in average cell

numbers in the column throughout the duration of the experiment, although the 95%

confidence intervals for the initial and final total cells overlapped slightly (Table 7.1).

From this behavior, it was deduced that the lag observed in the biodegradation of

salicylate was primarily a metabolic lag effect.
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7.3 Bacterial Elution and Cell Counts

Bacterial elution curves were determined in conjunction with all of the coupled

miscible-displacement experiments. Additionally, the initial and final bacterial

population densities (in colony forming units or CFU/g dry soil),and overall counts in the

column sand were determined prior to and following the miscible-displacement

experiments. The primary reason for obtaining this data was to enable us to perform a

cell mass balance on the system, and quantify growth. A second, but equally compelling

reason for collecting this data was to observe bacterial transport behavior in sand in the

presence of a substrate.

A preliminary miscible-displacement experiment was performed, as discussed

previously, in which a 48-hour pulse of a mineral salts medium was pumped through the

inoculated Accusand. The breakthrough curve for the bacterial cells in the control

experiment (Figure 7.2) decreased exponentially to an asymptotic level that was

approximately 2 orders of magnitude less than the numbers of cells observed in the

effluent in the presence of substrate (Figure 7.4 and Figure 7.5). Potential bacterial

growth on carbon reserves within the cells was quantified by comparing the initial cell

counts with the final total cell counts (the sum of eluted cells and cells remaining in the

porous medium) for the control experiment. The average amount of increase over the

duration of the experiment was approximately 28% over the initial average counts (Table

7.1), however, an actual increase in numbers is uncertain due to the overlapping of

confidence intervals. This possible gro wth could be accounted for by the degradation of
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residual carbon compounds that were taken up by the cells prior to harvesting and

packing. These cells were grown up on a very rich carbon source, and were therefore

very likely to have residual carbon stores that had not been used at the time of harvesting.

Upon introduction of the mineral salts broth (MSB) into the column with no other carbon

source present, degradation of these carbon stores could have commenced. This possible

increase in cell numbers is significantly less than the increases observed in the columns

that were pulsed with substrate.

The growth of the degrading cells was quantified in the same manner for all of the

miscible-displacement experiments, as described above. The initial population densities

in the sand were approximately the same for each experiment, so that the initial

degradation capacity of the system was similar in all of the cases. The growth in the

columns (Table 7.1) varied from a 25% increase (control column, no substrate) to a 400%

increase (single pulse, oxygen sparged salicylate column). The amount of growth was

limited in the initial miscible-displacement experiment because of oxygen constraints,

and this was apparent in the cell counts in this column. There was not more growth in the

double pulse salicylate experiment than the single pulse experiment, as would be

expected. This could be due to slight differences in the initial cell numbers in the

column, and consequently, in the number of cells that remained in the column for growth

on the substrate pulse following the 24-hour saturation pulse. All of the columns

exhibited similar cell elution behavior during this first flush, but they did not all start at

the same initial cell numbers. Also, the succinate column saw the smallest increase in
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cell numbers of all of the columns exposed to substrate (except for the repeat of the

double pulse experiment), despite the fact that the same mass of compound was

introduced. This implies that the yield coefficient for succinate is lower than that of

salicylate. However, this has not yet been confirmed in batch studies.

The bacterial cell elution curves were similar for all of the miscible-displacements

studies that were pulsed with substrate. The presence of substrate causes a significant

increase in the number of cells that are observed in the column effluent. In some cases,

this increase was observed only after degradation of the substrate occurred. However,

experiments performed under "no-growth" conditions would be necessary to determine if

this phenomenon was due to growth or simply to the presence of the substrate. The

substrate solutions are made in buffered MSB solutions, so the substrate pulse is at the

same pH as the saturation pulse. In the case of the double-pulse experiment, the cell

elution curve corresponding with the first salicylate introduction did not increase

significantly until after the approximate 4 hour lag period in degradation of salicylate, but

during the second salicylate pulse, there was an immediate increase in the number of cells

present in the effluent. This implies that increased cell elution may be due to degradation

of the substrate and growth of the cells. It may also be further hypothesized that the cells

that are being eluted are predominantly "daughter cells" of the sorbed cells, and that these

new cells do not adsorb as strongly to the sand matrix.

It has previously been thought that bacteria are only marginally mobile in

subsurface conditions due to sorption to the soil/sand matrix (Schafer et al., 1998;
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Powelson et al., 1998; Hendry et al., 1997; Kinoshita et al.. 1993). However, most

bacterial transport experiments have not been performed in conjunction with substrate

transport, or under growth conditions. Although these results are preliminary, they

demonstrate potential in increasing bacterial transport in the subsurface, and allowing for

introduction of particular degrading populations into contaminated sites.
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TABLE 7.1: Summary of Bacterial Cell Growth

Experiment Initial Cell

Counts

# Cells

Eluted

Final Cells

in Soil

Final Total

Cells

% Increase

in Cells

7.2 1.25x109 3.31x108 1.27x109 1.60x109 28%

(1.10-140x109) (2.39-4.23 x10 8) (1.07-148x109) (1.31-190x109)
(-)

7.3 1.28x109 1.28x109 0.964x109 2.24x109 75%

(0.993-1.57 x109) (0.948-1.61 x109) (0.852-1.08 x109) (1.80-2.69 x109)
(+)

7.4 1.32x109 3.25x109 3.17x109 6.42x109 386%

(0.660-1.98 x109) (2.93-3.58 x10 9) (2.49-3.86 x109) (5.42-7.44 x109)
(+)

7.5 2.20x109 4.71x109 1.76x109 6.47x109 194%

(1.26-3.14 x109) (3.86-5.56 x109) (1.48-2.04 x109) (5.34-7.60 x109)
(+)

7.6 2.00x109 2.78x109 0.867x109 3.65x109 83%

(1.57-2.43 x10 9) (2.22-3.32 x10 9) (0.730-1.00 x10 9) (2.95-4.32 x109)
(+)

7.7 2.71x109 2.22x109 2.93x109 5.15x109 90%

(3.80-5.04 x109) (1.90-2.55 x109) (2.37-3.49 x10 9) (4.43-5.88 x109)
(-)

Values in parentheses denote 95% confidence intervals. These calculations are described
in the materials and methods. An increase in cell numbers over the course of the
experiment (growth) with 95% confidence is denoted by (+), and an inconclusive increase
in cell numbers due to overlapping of the 95% confidence interval is denoted by (-)
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8. CONCLUSIONS

The transport and biodegradation of organic compounds in subsurface

environments is an area that is currently under extensive investigation. The goal of much

of this research is to gain a better understanding of the effects that these coupled

processes have on each other, so that this understanding can be applied to remediation

programs in contaminated sites. A better understanding of the effects of various nonideal

biodegradation parameters (such as microbial lag) on contaminant transport behaviors

will allow for the improvement of prediction models for contaminant transport and fate,

as well as aiding in the design and implementation of bioremediation programs.

It has been well documented that bacterial growth in a biodegradation system will

lead to nonsteady transport behavior. However, microbial lag can also cause similar

transport behavior, because in both instances, the degrading capability of the system is

increasing. In well characterized environmental systems, or those for which initial

degrading populations and rate kinetics have been determined, the amount of contaminant

that will be degraded may be overestimated if microbial lag effects are present and

unaccounted for. As discussed previously, microbial lag times can vary from minutes to

days or even weeks following substrate exposure. Therefore, this can be a significant

variable in the prediction of transport and biodegradation of contaminants.

These miscible-displacement studies demonstrated that oxygen constraints can

limit the degradation capabilities of a system, and cause the system to be characterized by

steady state transport. This has been predicted by computer models (Brusseau et al.,
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1998), seen in lab experiments, and also observed in field studies (Borden et al., 1986).

Similarly to microbial lag effects, if this variable is not taken into consideration, the

amount of contaminant that is degraded will be overestimated, and the transport model

will not accurately predict the observed behavior.

The mobility of biomass was found to be significant in these miscible-

displacement experiments. Coupled transport and biodegradation models generally

assume that bacterial transport in porous media is negligible, and this assumption has

been demonstrated to be accurate under many conditions. However, the behavior

observed in these experiments has shown that bacterial transport may be significant in the

presence of a substrate and under growth conditions. Coupled transport and

biodegradation models will tend to overpredict the degradation potential of a system if

this behavior is not accounted for in systems where bacterial transport is significant. The

mechanisms that are causing this behavior have yet to be understood, and this is a

potential area for further research in the field transport and biodegradation, to allow for

improved models and more accurate prediction technologies.

Oxygen constraints, microbial lag, bioavailability constraints, and limited

nutrients are just a few examples of nonideal biodegradation parameters that can limit the

prediction capability of coupled transport and biodegradation models. Hence, these

behaviors should continue to be addressed to gain a better understanding of how they

affect the transport and fate of organic contaminants in subsurface environments.
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